The human major histocompatibility complex (Mhc) is a chromosomal segment -4 million bp long that contains 284 genes. Some of these genes code for the class I and class II molecules, while the remaining genes code for complement components, cytochrome P450, tumor necrosis factor, and many other, unrelated proteins. We demonstrate on three examples (DP, C4-CYP21, and DRB) that different regions of the Mhc have different evolutionary histories. The organization of the DP region, which in humans contains four genes, was established in the ancestral Anthropoidea or earlier and has not changed since. The duplication that generated the two C4-CYPZI modules occurred in the ancestral Catarrhini or earlier, but the region has been undergoing periodic homogenizations via unequal crossing-over, which make paralogous genes in the same species more similar to each other than to orthologous genes of different species. The eight or nine genes of the DRB region were also generated in the ancestral Catarrhini, but the region has since been subject to frequent rearrangements, which generated various DRB haplotypes. Not only the alleles but, in part, also the haplotype polymorphism is evolving transspecifically. The DRB region of the Platyrrhini has an origin different from that of the Catarrhini. The picture emerging from these studies is that of both stability in some regions of the Mhc and tremendous evolutionary instability in other regions.
Introduction
The human major histocompatibility complex (Mhc) occupies a segment of chromosome 6, -4,000 kilobases (kb) in length (Trowsdale et al. 199 1) . It contains 384 genes, of which 15 code for the class I molecules and 19 for the class II molecules ( fig. 1) . The remaining 50 genes code for complement components C2, C4, and BF, cytochrome P450 (CYP2I), tumor necrosis factors ( TNF), heat-shock protein 70, (HSP70), collagen type XI, a2 ( COLU~Z), valyl-tRNA synthetase (K&S), tenascinrelated protein, transporters associated with antigen processing ( TAP), large multifunctional proteases (LMP), and other proteins of unknown function. The class I genes are clustered in a region -2,000 kb long, while the class II genes, together with the TAP and LMP genes, are clustered in another region, which is -1,000 kb long.
Most of the remaining genes are located in a l,OOO-kb segment between the class I and class II regions. Such a kaleidoscope of functionally diverse genes and gene families could be expected to be under dissimilar selection pressures, and the different regions of the 4-Mb could be expected to evolve differently. Here we document distinct modes of evolution in three regions of the primate Mtic-the DP, the C4-CYP21, and DRB regions-during the 37-Myr period following the separation of the Platyrrhini and Catarrhini.
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The Evolution of the Anthropoid Mhc-DP Region
The human DP region is -70 kb long and contains four genes, DPB2, DPAZ, DPBl, and DPAl, arranged in this order in the direction from the centromere toward the telomere and ir a tail-to-tail orientation with respect to each other ( fig. 2 ; Got-ski et al. 1984; Kappes ct al. 1984; Servenius et al. 1984; Trowsdale et al. 1984; Gustafsson et al. 1987) . DPB2 and DPA2 are pseudogenes sporting several defects; the DPAI and DPBl genes code for the a and p polypeptide chains, respectively, which assemble at the cell surface to form the af3 heterodimeric DP molecules (Boss et al. 1985; Kappes and Strominger 1986) . The intron 4 of the DPAI gene contains a sequence strikingly similar to sequences found upstream from the IgC epsilon pseudogene and IgC epsilon functional gene, and the gene itself is flanked at the 3' end by a Kpn repeat (Lawrance et al. 1985) . The DPBl gene contains two Alu elements (Mhc-DPBI-Al&O and -Alull) in intron 2, as well as a processed pseudogene, derived from the ribosomal protein L32 gene family, in intron 1 (Kelly and Trowsdale 1985; Young and Trowsdale 1985; Gustafsson et al. 1987 ). In the DPA2 gene, there is a 1 lo-bp-long direct repeat encompassing the 3' end of exon 2 and the 5' end of intron 2 (Servenius et al. 1984; Boss et al. 1985) , and in the DPB2 pseudogene there is an Alu element , as well as an unidentified 5-kb element inserted in intron 2 Strominger 1986, 1988; Gustafsson et al. 1987) .
We have determined the organization of the DP region in the chimpanzee (Pan troglodytes), orangutan (Pongo pygmaeus), and the cottontop tamarin (Saguinus oedipus) (a New-World monkey; Grahovac et al., accepted) . It turned out to be the same in these three primate species: the number, disposition, orientation, and length of the genes are the same; the intergenic distances are very similar; all the inserts (with the possible exception of the Kpn element in the tamarin DPAZ gene) are present at their corresponding positions; and the sequence or restriction-site distributions of orthologous segments are strikingly similar. All this indicates that the human-type organization of the DP region was established before the separation of Platyrrhini and Catarrhini >37 Mya and that it has changed very little since that time. The temptation to attribute this remarkable conservation of organization and sequence to functional constraints exerted on the DP region is dampened by several observations. First, the DPA2 and DPB2 have apparently been pseudogenes since the Platyrrhini-Catarrhini split (Grahovac et al., accepted) . Second, the DP protein is expressed in human cells at such low quantities that it stimulates antibody production and primary mixed lymphocyte reaction poorly or not at all (reviewed by Sanchez-Perez and Shaw 1986). Third, the polymorphism of the expressed HLA-DPAI and -DPBl loci is lower than that of the HLA-DRB genes, in terms of nucleotide diversity (Marsh and Bodmer 1992) . Fourth, many positions predicted to form the peptide-binding region (PBR) of the DP molecule and expected to vary among allomorphs are in fact unvaried. On the other hand, under experimental conditions at least, the DP molecules are capable of binding antigenic peptides and presenting them to T lymphocytes (Eckels et al. 1983; Panina-Bordignon et al. 1989) . Moreover, in certain rodents, exemplified by the mole-rat, Spalax ehrenbergi, the DP region is greatly expanded, and the DP molecules appear to be the main functional class II elements (Niietic et al. 1987; Schiipfer et al. 1987 ). The DP-region conservatism in anthropoid primates can therefore be explained by one of the following four possibilities: First, the primate DP molecules may have become specialized in the presentation of a few selected antigenic peptides in situations that do not require a high level of DP expression or in which such expression can be induced by the immune response itself. Second, the DP molecules carry out an as yet undisclosed function that does not involve the PBR directly, does not require a high level of expression, and is not dependent on abundant polymorphism. Third, the DP region is conserved because it is flanked on both sides by unidentified loci whose function would be destroyed by chromosomal rearrangements. However, in other orders, such as some mouselike rodents, the DP region has been almost totally obliterated ( see Klein 1986, pp. 134-135) . Fourth, conservatism could be the normal feature of evolution of Mhc regions that are being phased out functionally. In the absence of convincing evidence for selection at the DP region, the most parsimonious explanation of the four given here might be the last one.
It is interesting that the adjacent, DQ region may also be evolving in a highly conservative manner. Like the DP region, it consists of two expressed (DQAI and DQBl ) and two nonexpressed (DQAZ and DQB2) genes but, in addition, contains a fragment of another gene (DQB3; see Trucco and Duquesnoy 1986; Kappes and Strominger 1988) . Although the organization of these genes has thus far been determined only in humans, recent indirect evidence suggests that it has been conserved since the time of the common ancestors of Platyrrhini and Catarrhini (Gaur et al. 1992 ) . The sequence conservation of the DQB2 gene in the Anthropoidea has prompted Gaur et al. ( 1992) to speculate that the gene, in spite of its lack of expression in Catarrhini, is under functional constraints. Such speculation is unwarranted, however, because, among the different primate genes, the genetic distances found by Gaur et al. are within the range of the rate of evolution of Mhc class II pseudogenes ( O'hUigin and Klein 199 1) and of synonymous sites in functional class II genes ( Satta, accepted) . Conservative evolution may therefore be a characteristic of class II regions from which selection pressure has been lifted.
The Evolution of the C4-CYP21 Region in the Catarrhini
The C4 gene codes for a serum protein, the complement component 4, which is an essential element in the classical complement pathway. The CYP22 gene codes for the enzyme 2 1 -hydroxylase (cytochrome P450), which is involved in the synthesis of glucocorticoid and mineralocorticoid hormones. Its 3' untranslated (UT) region overlaps partially with the 3'UT region of a gene coding for tenascin-like protein of the fibronectin family, which is oriented in the direction opposite to that of the CYP21 gene ( Morel et al. 1989; Kawaguchi et al. 199 1; Matsumoto et al. 1992 ). In some rare human haplotypes, there is only one C4 and one CYP21 gene, and these then occupy a region of -35 kb, being separated by a sequence -3 kb long (reviewed in Kawaguchi et al. 199 1) . In most human haplotypes, however, there are two C4 and two CYP21 genes arranged in the order C4A . . . CYP21P. . . C4B. . . CYP21. The C4A and C4B genes are functionally differentiated by a few critical codons in exon 26. The C4 genes can be classified further into "long" and "short," depending on the presence or absence of a 6.8-kb insert in intron 9. The human C4A gene is always long, and the human C4B gene can be of either the long or the short variety. CYP2lP is a pseudogene; CYP21 is a functional gene.
The different primate haplotypes are shown in figure 3 , which demonstrates that all of them can be derived from one another by duplication or deletions of the basic c4..
. CYP2l module. In all known haplotypes, the C4 and CYP21 genes always occur in multiples of this basic unit: where there is only one C4 gene, there is also ( 199 1 ), and the nonhuman haplotypes are based on data of Kawaguchi et al. ( 1990 , , and Zhang et al. (1992) .
only one CYP21 gene; where there are two C4 genes, there are two CYP21 genes, and so forth. We have interpreted this observation to mean that the original ("primigenial") duplication occurred only once, to create the first bimodular haplotype, and that all other haplotypes have been generated subsequently by unequal crossing-over between misaligned modules (Kawaguchi et al. 199 1; the generation of new C4-CYP21 haplotypes by unequal crossing-over has been documented by Sinnott et al. 1990 ). Evidence supporting this interpretation is now emerging. The breakpoint of the primigenial duplication has been identified in humans, by Gitelman et al. ( 1992) , and in the chimpanzee, gorilla, orangutan, and macaque, by Horiuchi et al. (submitted) . In all these species the breakpoint is in precisely the same position ( fig. 4) , which means that the primigenial duplication occurred >23 Mya, before the separation of OldWorld monkeys from apes (Martin 1990 , pp. 635-7 16). How long before the separation The pattern of events that occurred in the Catarrhini after the primigenial duplication is indicated by the comparison of partial C4 and CYP21 sequences obtained from the chimpanzee, gorilla, and orangutan genes ( Kawaguchi et al. 1992a, 19926) . In dendrograms constructed from these sequences, the genes at different C4 or CYP2I loci but from the same species group together to form separate clades. This feature suggests the occurrence of extensive sequence homogenization in each species, presumably largely through unequal crossing-over. Apparently, the C4-CYP21 region contracts to a single module in each species at some point and then expands again to form the bi-or trimodular haplotypes. By this mechanism high sequence similarity between paralogous genes is maintained in each species. Any advantage the homogenization may have is obscure. Homogenization at the CYP21 loci frequently leads to inactivation of the functional gene by the transfer of defects from the pseudogene and results in congenital adrenal hyperplasia, some forms of which are lethal. This locus cannot, therefore, profit from homogenization, which leaves us with the C4 locus. Since C4 is part of a pathway whose elements must coevolve to be able to interact with one another (Meo et al. 1975 ), homogenization of the C4 genes could be a reflection of this requirement for coevolution.
The Evolution of the DRB Region in Anthropoidea
The DRB region is 3260 kb long in some human haplotypes and longer still in some ape haplotypes (for review and references, see Klein et al. 1991~) . There are eight known human DRB genes and one gene fragment (DRBl-DRB9), of which, however, four genes and one fragment, at the most, are present in a single haplotype ( fig. 5) . Of the eight, four (DRB2, DRB6, DRB7, and DRBS) are pseudogenes, one (DRB4) is expressed but probably not functional, and the remaining three (DRBI, DRB3, and DRBS) are presumably the most functionally important human class II genes. The HLA-DRBI locus is the most polymorphic of them all (60 alleles identified thus far); all the other loci show limited or no polymorphism (HLA-DRB3 and -DRBS have four alleles each; HLADRB6 has three alleles; and the remaining loci have one allele each; see Marsh and Bodmer 1992) .
Eight of the nine loci have been found in nonhuman primates as well (table 1) ) and there are data indicating that they arose before the separation of apes and OldWorld monkeys, 223 Mya (Klein et al. 199 1 b) . There is thus far no evidence of their presence in New-World monkeys, which seem to have their own, more limited set of DRB genes, distinct from that of the Catarrhini (Grahovac et al. 1991 , and submitted). The DRB genes therefore may have arisen by gene duplications at the time of or shortly after the separation of Platyrrhini and Catarrhini, -37 Mya (Klein Several allelic lineages can be recognized at each of the polymorphic catarrhine DRB loci (Fan et al. 1989; Gyllensten et al. 1991; Kenter et al. 1992; Mayer et al. 1992; Kupfermann et al., accepted; Slierendregt et al., accepted) . They are characterized both by the formation of clusters in cladograms constructed from nucleotide sequences and by the presence of motifs (short stretches of high sequence similarity) distinguishing individual lineages. The distribution of the allelic lineages among the catarrhine families and species, as well as calculations based on the substitution rates, indicate that the allelic lineages at the DRBZ locus diverged not very long after the rounds of duplication that created the extant DRB loci (Klein et al. 199 1 b) . They may therefore be -35 Myr old and may have persisted through all the speciation events that have occurred during the catarrhine evolution. Indeed, in genetic distance cladograms, both the order of divergence of the allelic lineages and that of the different DRB loci are difficult to sort out from the sequences alone (Klein et al. 199 1 b) . The distribution, representation, and richness in alleles of the different allelic lineages vary among the different catarrhine species Kupfermann et al., accepted) . In addition to allelic polymorphism, the DRB region also displays a hapfotype polymorphism, manifested in the presence of haplotypes with a different organization in populations at appreciable frequencies (Klein et al. 199 la) . The known human and ape haplotypes are listed in figure 5 . The existence of single-locus haplotypes indicates that one fully active DRB locus is sufficient to sustain the normal function of the human immune system (the frequency of the HLA-DRw8 haplotype in human populations is 0.05 in Caucasians, 0.11 in Orientals, and 0.06 in blacks; see Gojobori and Inoko 199 1) . Moreover, there is a clear-cut tendency in the evolution of the DRB haplotypes to restrict functionality to a single locus. This tendency is manifested in the elimination of the extra loci by deletions (e.g., the HLA-DRw8 haplotype); in the inactivation of duplicated genes (as exemplified by the DRB2, DRB6, DRB7, and DRB8 pseudogenes, which were apparently all inactivated >5-23 Mya; see O'hUigin and Klein 199 1); in the reduced transcription of the extra copies (the human DRB3 and DRBI genes are transcribed at 4-lo-fold-lower levels than are the DRBZ genes; see Sorrentino et al. 1985; Berdoz et al. 1987; Stunz et al. 1989) ; and in the reduced polymorphism or random distribution of variability when polymorphism is present (e.g., DRB4 and DRB6; see O'hUigin and Klein 199 1; O'hUigin et al., accepted) . The locus that most Catarrhini seem to have chosen to take care of their antigen presentation requirements is DRBZ; its most serious competitor in terms of functionality may be the DRB.5 locus. The Platyrrhini appear to have chosen a different locus for this purpose (Grahovac et al. 199 1, 1992) . Furthermore, the Catarrhini themselves, in their earlier evolution, may have used loci other than (or in addition to) DRBI as the seats of functional genes, or they may have gone through a phase in which they "hesitated" before choosing DRBZ among several loci.
A striking feature of the DRB haplotype polymorphism is that some of the linkage relationships among the genes are preserved as polymorphisms for longer than the lifetime of the species (Figueroa et al. 199 . . DRB4 (see fig. 5 ). A very similar haplotype is apparently present at appreciable frequencies in the chimpanzee (Kenter et al. 1992; Mayer et al. 1992) , which means that the haplotype has been preserved as structural polymorphism for >5-7 Myr. Other examples can be seen in figure 5 and have been discussed by Klein et al. ( 199 1 a) . What maintains the haplotype polymorphism for such a long time? Selection operating at combinations of DRB genes themselves cannot be the reason, because only one of the loci (DRBl*O4 ) in the HLA-DR4 haplotype is functional; the other two (DRB7 and DRBS) are pseudogenes in both humans and gorillas; and the fourth (DRBI) is apparently on the way to becoming a pseudogene. Hence, if selection is involved (and it is hard to imagine that it is not), then it must be operating on DRBI *04 linked to DRB7, DRB8, and DRBI. Although the DP region is only 500 kb distant from the DRB region and the latter is another 500 kb from the C4-CYP21 region, the three segments of the primate Mhc have unfolded in different ways. Each species possesses different organizational forms of this region, some of which have been passed as polymorphic from ancestral to newly emerging species. The forces behind the different evolutionary histories of the three regions can only be speculated on.
